Objective: Charcot-Marie-Tooth disease type X1 (CMTX1), which is caused by mutations in the gap junction (GJ) protein beta-1 gene (GJB1), is the second most common form of Charcot-Marie-Tooth disease (CMT). GJB1 encodes the GJ beta-1 protein (GJB1), which forms GJs within the myelin sheaths of peripheral nerves. The process by which GJB1 mutants cause neuropathy has not been fully elucidated. This study evaluated the biophysical characteristics of GJB1 mutants and their correlations with the clinical features of CMTX1 patients. Methods: All patients with a validated GJB1 mutation were assessed using the Charcot-Marie-Tooth disease neuropathy score version 2 (CMTNS). The impacts of the mutations on the biophysical functions of GJB1 were characterized by assessing intracellular localization, expression patterns, and GJ Ca 2+ permeability. Result: Nineteen GJB1 mutations were identified in 24 patients with a clinical diagnosis of CMT. Six are novel mutations: p.L6S, p.I20F, p.I101Rfs*8, p.F153L, p.R215P, and p.D278V. Diverse pathological effects of the mutations were demonstrated, including reduced GJB1 expression, intracellular mislocalization, and altered GJ functions. GJB1 mutations that caused a complete loss of GJ Ca 2+ permeability appeared to be associated with an earlier disease onset, whereas those resulting in preservation of GJ permeability and with predominant cell membrane expression tended to have a later onset and a milder phenotype. Interpretation: This study demonstrated that the degree of loss of GJ function caused by the GJB1 mutations might contribute to the onset and severity of neuropathic symptoms in CMTX1.
Introduction
Charcot-Marie-Tooth disease (CMT) is a clinically and genetically heterogeneous group of inherited neuropathies characterized by distal muscle weakness and atrophy, foot deformities, distal sensory loss and depressed tendon reflexes. CMT type X1 (CMTX1), caused by a mutation in the gap junction protein beta-1 gene (GJB1), is the second most common subtype of CMT, accounting for 6.2~15% of all CMT cases. [1] [2] [3] [4] Heterozygous females are usually latently affected and have a milder phenotype. Median or ulnar motor nerve conduction velocities (MNCVs) are typically 30-40 m/sec in affected males and 30-50 m/sec in affected females. [5] [6] [7] [8] To date, more than 400 GJB1 mutations have been reported (www.molgen.ua.ac.be/CMTMutations/), indicating that almost all of the residues are required for the normal functioning of gap junction (GJ) beta-1 protein (GJB1). 8 GJB1, also known as connexin32 (Cx32), is expressed in Schwann cells and forms GJs via the interaction of two apposed hemichannels (connexons). 9 These GJs allow for the diffusion or exchange of ions across apposed cell membranes of noncompact regions of peripheral myelin and thus connect these regions to the perinuclear cytoplasm of Schwann cells. 8 GJs play an important role in the homeostasis of myelinated axons because they are involved in many vital biological functions, including metabolic cooperation, spatial buffering, electrical coupling, growth control, and cellular differentiation. 10 Many GJB1 mutants fail to form functional GJs, and most GJB1 mutations are presumed to cause loss of function. 8, 11 Although some studies have investigated the clinical and electrophysiological characteristics of different GJB1 mutants, 7 correlations between the biological functions and patients' clinical phenotypes have not yet been fully elucidated.
This study identified 19 GJB1 mutations, including six novel mutations, in a cohort of 24 unrelated Taiwanese patients with CMTX1 and assessed the localization, protein expression, and GJ permeability of each GJB1-mutant protein. In addition, the clinical and molecular features of these GJB1 mutants were evaluated, and the correlations of their biophysical characteristics with the corresponding clinical features of patients with GJB1 mutations were examined.
Materials and Methods

Patients
Patients were diagnosed with CMTX1 based on identification of a GJB1 mutation, the presence of characteristic clinical features, and the results of electrophysiological analyses. The clinical manifestations of the CMTX1 patients were evaluated using the Charcot-Marie-Tooth disease neuropathy score version 2 (CMTNS). 12 The nerve conduction analyses were performed using standard techniques. Written informed consent was obtained from the participants. This study was approved by the Institutional Review Board of Taipei Veterans General Hospital.
GJB1 mutation analyses
Genomic DNA was extracted from peripheral blood using standard protocols. Mutation analyses were performed using Sanger sequencing and the Big Dye 3.1 dideoxy terminator method (Applied Biosystems, Foster City, CA) on an ABI Prism 3730XI Genetic Analyzer (Applied Biosystems). Amplicon sequences were compared with the reference GJB1 coding sequence (GRCh38, NM_00109764). The standard sequence of the human GJB1 protein (NP_001091111) was used to detect amino acid changes. Putative pathogenic variants were further distinguished according to their absences in both Exome Aggregation Consortium database (ExAC; http:// exac.broadinstitute.org) and 1000 control chromosomes from individuals of Han Chinese origin.
Expression plasmids
The full-length coding region of human GJB1 was cloned into pcDNA3.1/myc-His (Invitrogen, Grand Island, NY) to generate wild-type (WT) GJB1 expression plasmids. The GJB1 mutations identified in this study were separately introduced into the WT expression plasmids using a QuikChange Site-Directed Mutagenesis Kit according to the manufacturer's recommendations (Agilent, Santa Clara, CA). The transfection marker pDsRed1-N1, the endoplasmic reticulum marker pDsRed-ER, and the Golgi marker pDsRed-Monomer-Golgi were all purchased from Clontech (Mountain View, CA).
Cell culture and transfection
HeLa and HEK293T cells were maintained in DMEM medium supplemented with 10% fetal bovine serum in a humidified incubator at 37°C under 5% CO 2 . Transient transfection was performed using Lipofectamine 2000 (Invitrogen).
Immunofluorescence studies
HeLa cells were transfected to express WT or mutant GJB1 proteins alone or together with pDsRed-ER or pDsRed-Monomer-Golgi. At 48 h after transfection, the cells were fixed in 4% paraformaldehyde, permeabilized with 0.2% Tween-20, blocked with 1% BSA, and incubated with anti-GJB1 antibody overnight at 4°C. The primary and secondary antibodies used are listed in Table S1 . Images were captured using an Olympus FluoView FV10i confocal laser scanning fluorescence microscopy system with a 60 9 oil immersion objective (Olympus, Tokyo, Japan).
Analysis of GJB1 protein expression by western blotting
HeLa cells transfected with WT or mutant GJB1 constructs were lysed with RIPA buffer supplemented with a protease inhibitor cocktail (Millipore, Darmstadt, Germany) at 48 h after transfection. The total protein concentrations in the lysates were quantified using a Bradford-based assay kit (Bio-Rad, Hercules, CA), and 50 lg of proteins from each cell lysate were used for western blotting (Table S1 ). Detection was performed using a standard enhanced chemiluminescence method. Densitometric analyses of the protein bands were performed using NIH ImageJ software.
Ionic permeability of GJB1 GJ channels
Ca
2+ imaging analyses were performed to assess the abilities of these mutated GJB1 GJ channels to mediate the intercellular propagation of Ca 2+ signaling as previously described. 13, 14 HEK293T cells were cotransfected with GJB1 expression plasmids and the transfection marker pDsRed1-N1. Then, the cells were washed with Hanks' buffered salt solution (HBSS) at 48 h after transfection and loaded with the Ca 2+ indicator fura-2/AM by incubation in HBSS supplemented with 5 lmol/L fura-2/AM and Pluronic F-227 detergent (0.02%) at 37°C for 40 min. Next, the cells were washed and saturated with 20 lmol/L ATP in HBSS for 20 min to block the intercellular Ca 2+ signaling mediated by purinergic receptors; thus, GJs were the only available pathway for Ca 2+ wave propagation. One transfected cell was stimulated mechanically by temporarily distorting the plasma membrane with a glass micropipette (tip diameter, <1 lm) mounted on a vertical microinjection system (Narishige MHW-3, Tokyo, Japan 
Results
Clinical features of CMTX1 patients with GJB1 mutations Nineteen GJB1 mutations were identified in 24 unrelated patients with CMTX1. These mutations were predicted to be located throughout all of the functional domains of the GJB1 protein (Fig. 1 ). Six were novel mutations, including p.L6S, p.I20F, p.I101Rfs*8, p.F153L, p.R215P, and p.D278V. With the exception of p.I101Rfs*8, p.L144del, and p.R220X, they were all missense mutations. Table S2 lists the in silico predictions of the functional effects of the five novel missense mutations. Table 1 summarizes the clinical features of these patients. The age of onset (AO) ranged from 7 to 45 years. Twenty-one (87.5%) of the patients were males. The male patients had an earlier AO (mean AO, male: female = 21.3 AE 10.75: 30.7 AE 3.05 years). At the age of examination (AE), the male patients also had a slower median MNCV (mean median MNCV, male: female = 35.3 AE 5.68: 39.5 AE 3.19 m/sec) and higher CMTNS (mean CMTNS, male: female = 12.8 AE 4.43: 9.0 AE 2.00). The above findings were compatible with the more severe phenotypes of the male patients with an Xlinked disease. The majority of our patients (19/24, 79.2%) had demyelinating CMT and the rest of them (5/24, 20.8%) had axonal neuropathy, according to the cut-off median MNCV of 38 m/sec at the AE. 15 Twenty of the patients (20/ 24, 83.3%) had intermediate MNCVs with their median MNCV falling into the range of 30-50 m/sec. Clinically, most of the patients (22/24, 91.7%) exhibited weakness of the distal limb muscles at initial presentation, whereas only two patients complained of distal paresthesia at presentation. Notably, the female patient with a p.I101Rfs*8 mutation had asymmetric weakness and atrophy of the hand muscles and was initially diagnosed with hereditary neuropathy with liability to pressure palsy (HNPP). Patchy demyelination is occasionally observed in CMTX1. 16 These findings indicate that a GJB1 mutation should be considered in patients with asymmetric neuropathy without obvious acquired etiologies.
Intracellular localization of the GJB1 mutants
HeLa cells-expressing WT-GJB1 exhibited punctate cytoplasmic staining and large GJ plaques in the intercellular contact regions ( Fig. 2A) . Aberrant intracellular localization was a common biophysical dysfunction of the GJB1 mutants, occurring in 16 out of the 19 mutants (84.2%) in our study. The M1I mutant was expressed in a very weak, diffuse cytoplasmic pattern (Fig. 2B ). Fewer GJ plaques at intercellular boundaries with predominantly cytoplasmic GJB1 staining were observed in cells expressing the following mutants (10/19, 52.6%): L6S, I20F, S26L, S49Y, V91M, S138G, F153L, R164Q, R215P, and R220X (Fig. 2C , D, E, F, G, I, K, M, R, and S). The GJB1 immunoreactivities of the L144del, C173Y, R183C, and E186K mutants (Fig. 2J, N , O, Q) revealed that they were entirely localized to the cytoplasm and failed to reach the cell membrane. In vitro double immunofluorescence staining using a Golgi apparatus marker revealed that these four mutants were retained primarily in the Golgi apparatus (Fig. 3A , B, C, and D). Notably, the p.I101Rfs*8 mutation led to premature truncation in the cytoplasmic loop, and this mutant was not labeled with a loop antibody. Therefore, we constructed a distinct plasmid expressing the I101Rfs*8 mutant GJB1 fused with a Myc tag at the C-terminus and reprobed the transfectants using a Myc antibody. This approach revealed very weak, diffuse, and exclusively intracellular staining similar to that of the M1I mutant (Fig. 2H) . Only cells expressing the M162L, R183H, and D278V GJB1 mutants ( Fig. 2L , P, T) exhibited subcellular localization patterns similar to WT-GJB1.
Expression levels of the GJB1 mutants
Fourteen mutants (73.7%) were expressed at significantly lower levels than WT-GJB1 ( Fig. 4A and B) , including those with a similar intracellular localization as WT-GJB1 (R183H and D278V), those partially expressed on cell membrane (L6S, I20F, S49Y, V91M, S138G, and R215P), and those completely intracellularly trapped (L144del, C173Y, R183C, and E186K). In particular, the expression levels of the M1I and I101Rfs*8 mutants were too low to be precisely detected (Fig. 4A, upper part) . Only five mutants (S26L, F153L, M162L, R164Q, and R220X) had comparable expression levels to that of WT-GJB1. The Figure 1 . Schematic representations of the membrane topologies of GJB1 and the mutations identified in this study. GJB1 spans the plasma membrane four times with cytoplasmic C-and N-termini, a cytoplasmic loop and two extracellular loops. The p.M1I, p.L6S, and p.I20F mutations are in the N-terminal domain. The p.S26L, p.V91M, p.S138G, and p.L144del mutations are in the transmembrane domains. The p.I101Rfs*8 mutation leads to a premature truncation in the cytoplasmic loop. The p.S49Y mutation is located in the first extracellular loop. Furthermore, the p.F153L, p.M162L, p.R164Q, p.C173Y, p.R183C, p.R183H, and p.E186K mutations are located in the second extracellular loop, and the p.R215P, p.R220X, and p.D278V mutations are located in the C-terminal domain.
R220X mutant expressed a truncated protein at the expected size of 25 kDa.
Ca
2+ signaling propagation of the mutant GJ channels Mechanical stimulation of a single WT-GJB1-expressing cell induced an increase in [Ca 2+ ] i in the stimulated cell (cell 1); this increase was rapidly transferred to adjacent GJ-coupled cells (cell 2) through GJ channels (Fig. 5A , video S1). In contrast, cells expressing the intracellularly trapped mutants (L144del, C173Y, R183C, and E186K) exhibited an inward Ca 2+ oscillation only but failed to transfer Ca 2+ to neighboring cells, indicating that the mutants had failed to form functional GJ channels and that the cells had lost Ca 2+ permeability (as exemplified by C173Y in Fig. 5B, video S2 ). For cells with detectable GJ permeability, the Ca 2+ propagation between two GJcoupled cells was characterized by two parameters using this approach: (1) the time delay in the onset of the increase in the [Ca 2+ ] i in follower cells (dT); 13 and (2) the onset-to-peak duration of Ca 2+ signaling in follower cells (s), as exemplified by WT-GJB1 in Fig. 5C . Summaries of the GJ permeabilities for a total of 13 mutants First reported in patients with hereditary peripheral neuropathy. Clinical features of patients: A = absent evoked response; AO = age of onset; AE = age at examination; CMAP = median nerve compound motor action potential at AE; CMTNS = Charcot-Marie-Tooth neuropathy score version 2 at AE; F = female; M = male; MNCV = median nerve motor nerve conduction velocity at AE; Pat. no. = identify number for each patient. Initial symptoms: FW = distal four limbs weakness; LW = distal lower limbs weakness; LN = distal lower limbs numbness; UW = distal upper limbs weakness; UN = distal upper limbs numbness; HNPP = hereditary neuropathy with liability to pressure palsy. Biophysical characteristics of mutated proteins: Cyt = cytoplasmic protein retention; GJ = gap junction; L = loss completely; Mem = protein expressed in plasma membrane; NL = normal; I = impaired; U = undetectable; dT = delayed onset of Ca 2+ increase in follower cells; s = time from onset of Ca 2+ increase to peak in the follower cells; ↓ = significantly decreased protein expression level; ↑ = significantly prolonged; -not measured.
with detectable GJ permeability are presented in Figures 5D (dT) and 5E (s). The onset latencies in follower cells (dT) were significantly increased in those expressing the M162L, R164Q, R220X, or D278V mutant, and the onset-to-peak durations (s) were significantly longer in the cells expressing one of the eight GJB1 mutants: L6S, I20F, S26L, S49Y, V91M, R164Q, R215P, and D278V.
Only the GJs composed of S138G, F153L, or R183H mutants (3/19, 15.8%) had similar permeabilities to those formed by WT-GJB1.
Correlating the biophysical dysfunctions of GJB1 mutants with the clinical features of CMTX1 patients
The above biophysical characteristics of the mutant GJB1 proteins and the clinical features of the affected patients are summarized in Table 1 . To correlate the biophysical changes caused by the genotypes with the patients' phenotypes, we classified the GJB1 mutants into two groups based on their biophysical dysfunctions ( Table 1 ). The first group (A) encompassed mutants with significantly compromised plasma membrane expression of GJB1 and GJ plaque formation and also impaired GJ permeability, including the mutants with complete loss of GJ permeability due to undetectable GJB1 expression (M1I, I101Rfs*8), those with cytoplasmic retention (L144del, C173Y, R183C, and E186K), and those with a reduced plasma membrane expression combined with predominant cytoplasmic retention of GJB1 (L6S, I20F, S26L, S49Y, V91M, R164Q, R215P, and R220X). The mutants in the second group (B), which included S138G, F153L, M162L, R183H, and D278V, were featured by normal GJ Ca 2+ permeability in our study or predominant plasma membrane expression of GJB1 with abundant GJ plaque formation.
Several clinical parameters of the patients with CMTX1 are listed in the Table 1 , including the AO, AE, CMTNS, and median nerve compound motor action potential (CMAP) and MNCV at the AE. Only male patients were included for the comparison because gender substantially influences the clinical and neurophysiological presentations. Among the clinical parameters, only AO and CMTNS were significantly different among the two groups. For individuals carrying mutations with preserved plasma membrane locations of GJB1 and GJ functions (group B), the AO was near 17 years later in average than those carrying mutations Figure 4 . In vitro expression of GJB1 in HeLa cells. (A) Representative images from immunoblotting analyses of GJB1 expression in HeLa cells transfected with plasmids expressing wild-type (WT) or mutant GJB1, as indicated. The GJB1 mutants were categorized into "Absent plasma membrane expression" and "Preserved plasma membrane expression" according to the findings of the immunofluorescence study. Cells transfected with WT-GJB1 or the indicated nontruncated mutant showed a major band at 32 kDa, and the truncated mutant R220X produced a band at the expected size of 25 kDa. Two different antibodies were used: a monoclonal GJB1 antibody, which recognized the cytoplasmic loop, and a c-Myc antibody, which reacted to the Myc-fused GJB1-WT or I101Rfs*8 mutant. The GAPDH loading controls used are shown below. (B) Densitometric quantification of the GJB1 protein expression levels in cells transfected with plasmids expressing WT or mutant GJB1, as indicated. The GJB1 expression levels were normalized to GAPDH expression and were expressed as a fraction of the WT expression, which was set to 100%. The error bars indicate the standard error of the mean (SEM) from four independent experiments. The asterisk indicates a significant difference (*, P < 0.05; **, P < 0.01). with compromised plasma membrane expression of GJB1 and GJ permeability (group A) (Student's t-test, P = 0.001). The average CMTNS was significantly lower in group B than group A (Student's t-test, P = 0.04), suggesting a milder phenotype in this group. These observations suggested that the GJB1 mutants with intense biophysical dysfunctions might be associated with more severe phenotypes. In contrast, the corresponding phenotypes in the group B mutants were relatively milder with a later disease onset.
Discussion
This study delineated the pathological effects of 19 GJB1 mutations by characterizing multiple biophysical dysfunctions of the GJB1 protein, including abnormalities in intracellular trafficking, protein expression, and GJ function. These mutations were evenly distributed over all functional domains of the protein in a cohort of patients with the classic CMTX1 phenotype. Therefore, the comprehensive determination of the biophysical characteristics and clinical presentations of these patients in this study deepens our understanding of the pathogenic mechanisms of CMTX1.
Several studies have reported that alterations in intracellular trafficking, protein expression, and GJ function are the main abnormalities of mutant GJB1 proteins associated with CMTX1. 8, 10, 17, 18 Our results support these notions because all of the GJB1 mutations examined in this study resulted in at least one of these biophysical changes. These altered functions may interact with each other and result in complex pathological effects, contributing to the diverse phenotypes and wide variations in the AO and clinical severity. However, how these cellular dysfunctions are implicated in the onset and progression of the disease is not known. In this study, we correlated the biophysical changes in the protein levels with the clinical parameters of the patients to explore the key factors affecting the disease progression.
We categorized these GJB1 mutants according to the severity of the associated biophysical dysfunctions. Analyses of the patients' clinical features and the mutants' biophysical dysfunctions revealed that the mutants with severe molecular defects and impaired GJ permeability (group A) appeared to be associated with an earlier AO and a severe phenotype. These mutants obviously cause development of the disease through a severe loss of GJ function. The observed phenotype-genotype association emphasizes the important role of abnormal GJ function in the pathogenesis of CMTX1, supporting the notion that GJB1, as a GJ protein, is essential for peripheral nerve functioning. Among the 19 GJB1 mutants in this study, the majority (16/19, 84.2%) had abnormal GJ function. Therefore, our results demonstrated that compromised GJ permeability may be an important mechanism for many GJB1 mutants in the development of peripheral neuropathy.
We found that the four mutated GJB1 proteins (p.L144del, p.C173Y, p.R183C, and p.E186K) with completely cytoplasmic retention were predominantly retained in the Golgi apparatus (Fig. 3) . GJB1 proteins are normally assembled into connexons (hemichannels) in the Golgi apparatus, 19 but the mutant proteins are retained in the Golgi and are not assembled properly. 20 Therefore, these proteins do not reach the plasma membrane, and cell pairs expressing these mutants are not functionally coupled. The mislocalized proteins are likely to be degraded through lysosomal proteolysis or the proteasome pathway, leading to a significant reduction of the steady-state protein expression levels of all of these mutants. The four mutations causing completely cytoplasmic retention of the protein are localized to the third transmembrane domain (L144del) or the second extracellular domain (C173Y, R183C, and E186K) of GJB1, suggesting that these two domains play important roles in GJB1 trafficking.
There are some limitations of this study. First, the in vitro non-Schwann cell system cannot fully mimic in vivo myelinating Schwann cells and the in vivo pathologies derived from GJB1 mutations, such as demyelinating or axonal degeneration, 21 cannot be evaluated in this study. Since the gap junction permeability is unlikely the only determinant for clinical presentations of CMTX1, it is not surprising that we cannot perfectly correlate the biophysical changes with clinical parameters of the 19 GJB1 mutations. Next, the number of patients was not sufficiently large. Then, GJ permeability was evaluated by performing a mechanical stimulation to induce Ca 2+ propagation. Although mechanical stimuli have been widely used to trigger calcium wave propagation as a method to study gap junctions, 22 they still differ from the physiological stimuli in peripheral nerves. Finally, differences between the heterotypic and homotypic effects were not investigated. However, this study clearly demonstrated the biophysical and clinical features of the 19 GJB1 mutants and suggested the presence of a trend between different biophysical characteristics of the specific GJB1 mutants and the patients' clinical phenotypes. Our results revealed that the GJB1 mutations resulting in preserved GJ permeability and those with predominant cell membrane expression were likely to have a later AO and a milder phenotype. Promoting GJB1 GJ function may be a potential therapeutic target in the treatment of CMTX1. In fact, this rationale for developing CMTX1 therapy has been supported by recent animal studies, demonstrating that restoration of Schwann cell-specific GJB1 expression in Gjb1-null mice by intrathecal lentiviral gene delivery can lead to improvements in motor performance, nerve conduction velocities, and neuropathology of peripheral nerves. 23, 24 Since different GJB1 mutations may have different molecular consequences, elucidating the molecular and clinical phenotypes of each GJB1 mutation may help future gene therapy of CMTX1 with an optimal and mutation-tailored regimen. 
Supporting Information
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